Interactive comment on "Assessing the potential of amino acid 13C patterns as a carbon source tracer in marine sediments: effects of algal growth conditions and sedimentary diagenesis" by T.Larsen et al.
Referee N°1: Purification generally did not alter delta 13C -AA values except for the asparagine/aspartate (Asx) which showed an enrichment of approximately 2‰. It would be nice that this isotope effect of purification on Asx be further discussed to show without ambiguity the robustness of the results. REPLY: We agree, and have inserted these sentences in the Discussion (lines 472-477): "In terms of the methodological issues of analyzing sedimentary d13C-AA, we found that purification did not alter 13C-AA values except that Asx showed an enrichment of approximately 2‰. In our case, Asx was not informative of degradation processes and the 2‰ fractionation was therefore of no concern to this study. That said, it will be important to continue the method development of purifying complex samples to ensure that isotope effects are completely eliminated".
Referee N°2: Point N°1: You partially answered his/her point above in Referee N°1 issue. In case of acetylation, isotopic fractionation seems to depend on the composition of amino-acids, so talking about molar composition of amino acids and not only on the presence of non amino-acid compounds that you indeed remove. REPLY: We would like to reiterate that molar composition of amino acids does not affect isotopic effects associated with acetylation. For this to occur the amount of acetylation reagents would have to be limiting only for some amino acids, but not for others (ie: an isotope fractionation -by definition -cannot occur in a reaction that goes to completion). While it is true there could be other, non-amino acid, compounds in a complex mixture that could consume acetylation reagents, and also true that specific amino acids react at slightly different rates, the conditions used here had been optimimized to acetylate all amino acids to completion, and perhaps most important, our acetylation reagents were present in a vast excess -it is therefore extremely unlikely (and unsupported in the literature) that there would be isotopic effects during acetylation as a function of molar compostion.
Point N°2: The omission of considering archaeal degradation in the water column and sediments. Archaea are indeed ubiquitous in subsurface waters and sediments and I think a few words of caution on this limitation should be explicitly mentioned in the Abstract. REPLY: We have inserted this sentence into the abstract: "It is uncertain if archaea may have contributed to sedimentary δ 13 CAA patterns we observe, and controlled culturing studies will be needed to investigate if δ 13 CAA patterns can differentiate bacterial from archaeal sources".
Lines 451: Archaea are likely to play an important role... REPLY: Corrected.
Point n°4: Conclusions of the paper are led by the analysis of only a small fraction of sedimentary amino acids. Proper discussion has been added in the discussion session (lines 504-510) but I recommend to also add this caveat in the abstract with a few words.
REPLY: We have inserted following sentence into the abstract: "Further research efforts are also needed to understand how closely δ 13 CAA patterns derived from hydrolyzable amino acids represent total sedimenary proteineincous material, and more broadly sedimentary organic nitrogen.". 
Abstract

22
Burial of organic carbon in marine sediments has a profound influence in marine 23 biogeochemical cycles, and provides a sink for greenhouse gases such as CO 2 and CH 4 . However, 24 tracing organic carbon from primary production sources as well as its transformations in the 25 sediment record remains challenging. Here we examine a novel but growing tool for tracing the 26 biosynthetic origin of amino acid carbon skeletons, based on naturally occurring stable carbon 27 isotope patterns in individual amino acids ( 13 C AA ). We focus on two important aspects for  13 Marine phytoplankton are responsible for nearly half the world's carbon net primary 59 production (Field et al., 1998) . While most of this production is rapidly decomposed or transferred 60 to consumers within the shallow euphotic zone, a small fraction escapes from surface waters to 61 the seafloor. While the fraction that eventually is buried in the sediment is small (on a global scale 62 it has been estimated to be < 0. by Guillard and Ryther (1962) . All experiments were performed in sterile 2.1 L Schott Duran glass 136 bottles. These bottles were made of borosilicate glass (filters UV radiation < 310 nm) except for 137 the quartz glass bottles (pure silica without UV radiation filter) used in the UV experiment (Table  138 1 
155
, i.e. nearly anoxic conditions. We obtained count and species assemblage of diatoms from 156
Mollier-Vogel (2012). The site can according to the algal abundance and nitrogen content be 157 characterized as highly productive; for the sediment layers analyzed in this study, the percentage 158 of algal upwelling species was larger than 60 % ( 
Stable isotope analyses
176
Both diatom and bulk sediment samples were freeze dried prior to isotopic analysis. To 177 prepare aliquots for derivatization of amino acids, we used 3-4 mg of diatoms and 100-150 mg of 178 sediments. The samples were transferred to Pyrex culture tubes (13 temperature of the GC was started at 50°C and heated at 15°C min -1 to 140°C, followed by 3°C 212 min -1 to 152°C and held for 4 min, then 10°C min -1 to 245°C and held for 10 min, and finally 5°C 213 min -1 to 290°C and held for 5 min. The GC was connected with a MAT 253 isotope ratio mass 214 spectrometer (IRMS) via a GC-III combustion (C) interface (Thermo-Finnigan Corporation). We 215 obtained consistently good chromatography for alanine (Ala), valine (Val), leucine (Leu), isoleucine 216 (Ile), Asx, threonine (Thr), methionine (Met), glutamine/glutamate (Glx), phenylalanine (Phe), 217 tyrosine (Tyr), lysine (Lys), and arginine (Arg) with the exception that Asx and Thr partially coeluted 218 on the Rtx-200 column. Serine (Ser) and proline (Pro) coeluted on both columns. The average 219 reproducibility for the norleucine internal standard was ±0.4 ‰ (n=3 for each sample), and the 220 reproducibility of amino acid standards ranged from ±0.1 ‰ for Phe to ±0.6 ‰ for Thr (n=3 
Culture experiment with diatoms
279
The range in  13 C values between the most depleted and most enriched treatments was 280 11 in part owing to differences in carbonate chemistry speciation (Tables 1 and 2 The  13 C AA patterns of T. weissflogii across all 10 treatments were quite similar in spite of 286 the large span in  13 C baseline (i.e., bulk  13 C values; Fig. 1 ). The mean range in  13 C AAnor values for 287 the 11 AAs (Thr omitted due to large variability between replicates) was 1.4  0.7 ‰ compared to 288 6.1  0.9 ‰ for  13 C AAabs values (Fig. 2) . The maximum range was 2.6  0. We also plotted the offsets in  13 C AAnor values between the control and the remaining 296 treatments (Fig. 3) . Almost all offset values were within 1 , except for amino acids with high 297 variability between replicates, such as Thr, Asx and Arg. We found the largest offsets relative to 298 the control among treatments with high cell densities (27° C, low salinity, 18° C; Table 2 ). Finally, 299 to confirm that  13 C AA patterns of T. weissflogii would remain diagnostic of their autotrophic 300 source, regardless of these relatively small changes in  13 C AAnor values associated with different 301 growth conditions, we compared our T. weissflogii data with a published datasets for two other 302 main marine taxa, seagrass and kelp, collected from a range of different natural marine habitats 303 (Larsen et al., 2013) . The PCA showed that the three taxa clustered apart, and almost all of the 304 amino acids were important for explaining variation in the multivariate data set (Fig. 4) . This result 305
suggests that the magnitude of change in  13 C AA patterns associated with changing growth 306 conditions does not affect the basic diagnostic ability of amino acids to track phylogenetic carbon 307 source. 308
We investigated how growth conditions affected stoichiometric composition of the diatom 309 cells (Table 2 ). The results show that amino acid molar composition correlated to both cell size and 310 to C : N ratio. The C : N ratios broadly correlated to amino acid composition across biosynthetic 311 families; proportions of Gly, Tyr, Lys, Met and Arg increased significantly with higher C : N ratios 312 (R 2 values ranged from 0.657 to 0.846, P < 0.001), while the proportions of Leu, Asx, Ile, Val, Glx 313
and Phe decreased (R 2 values ranged from 0.661 to 0.760, P < 0.001). We also found similar 314 relationships between cell size and amino acid composition, presumably owing to the positive 315 correlation between C : N ratios and cell size (P < 0.001, R 2 = 0.831). 316
To explore the possibility that variations in  13 C AA patterns were connected with the 317 stoichiometric composition of the cells, we correlated  13 C AAnor to the relative molar composition 318 of amino acid biosynthetic families and carbon (% C), nitrogen (% N) and the ratio of both 319 elements (C : N (Fig. 6 , for more information see Fig. S1 and Table  355 S3). The larger bacterial fractions in deeper layers indicate that accumulation of bacterial 356 biosynthate continued to increase as a function of age throughout this core. 357
In the second statistical approach, we used multiple linear regression analyses correlating 358 and Tyr were highly significant as a function of sediment age. For the  13 C Lys-Leu combination, age, 361 % organic C, and algal abundance explained 97.3 % of the variation (Table 4 ). The offsets between 362  13 C Lys and  13 C Leu became smaller with age (P < 0.001, R 2 = 0.572, in contrast to organic C content 363 (P < 0.05, R 2 = 0.525). Algal abundance was not significant as a single explanatory variable (P > 364 0.05). The trends in  13 C Lys-Leu values as a function of age was similar to that of the bacterial amino 365 acid fraction calculated with FRUITS (Fig. 6) . We also compared  13 C Lys-Leu values with another 366 diagenetic parameter, DI (Table 3) , and found that the correlation between these two parameters 367 was weak but significant with an R 2 value of 0.40 (P ≤ 0.05) in contrast to the correlation between. 368 age and DI (P > 0.05). In regard to the remaining pairwise combinations with Leu,  13 C Ile-Leu , age 369 and % organic C explained 73.2 % of the variation, and  13 C Tyr-Leu , age and % organic C explained 370 64.8 % of the variation ( which primary production source patterns are preserved, as opposed to microbially altered, during 441 early diagenesis. We used heterotrophic bacteria as the microbial endmember because bacterial 442  13 C AA patterns are well established in contrast to those of archaea. Archaea are likely to play an 443 important role for degradation in subsurface waters and sediments, but additional studies are 444 needed for studying this topic in term of source diagnostic isotope patterns. In the first step of 445 estimating the relative proportion of bacterial amino acids in sediments from the Peru Margin, we 446 identified the amino acids that were most informative of diatom and bacterial origins using the 447  13 C AA fingerprinting method. As a training dataset we relied on a broad assemblage of laboratory 448 cultured diatoms and bacteria. Larsen et al. (2009 Larsen et al. ( , 2013 have previously shown that 449 heterotrophic bacterial  13 C AA patterns are broadly similar, and are clearly distinct from eukaryotic 450 autotrophic sources. Hence, we used heterotrophic bacterial  13 C AA patterns as one endmember 451
of our predictive classification model with time. We used diatoms as another source endmember, 452 because of their importance as dominant primary producers in nutrient-rich upwelling 453 environments world-wide. While the species assemblage of the ten diatom samples may not be 454 identical to the deposited algae at the sampling site, we contend that the laboratory cultured 455 diatoms represent a reasonable  13 C AA endmember for coastal plankton sources since diatoms 456 comprised between 50 and 80 % of the total algal remains in the sediment (Table 3) . Previous 457  13 C AA work has indicated that  13 C AA patterns of different eukaryotic phytoplankton, especially 458 diatoms, have relatively minor differences (Vokhshoori et al., 2014) . Moreover, we demonstrated 459 in the diatom culture experiment that  13 C AA patterns remain source diagnostics across varying 460 environmental conditions. Therefore, we hypothesize that bacterial resynthesis of original algal 461 production should clearly shift  13 C AA patterns, and so offer a novel approach for directly 462 evaluating the importance of bacterial source in preserved SOM. 463 We explored two independent approaches for characterizing microbial contribution during 464 sedimentary diagenesis; Bayesian mixing modeling with normalized  13 C AA values and pairwise 465  13 C AA differences. Results from both approaches showed that Ile, followed by Lys, Leu and Tyr 466
were the most informative amino acids for distinguishing between bacterial algal sources, which is 467 in good agreement with Larsen et al. (2013) . It is particularly striking that the Bayesian model for 468 directly estimating fraction of bacterial source (based on values of these four amino acids) showed 469 essentially identical trends with time as  13 C Lys-Leu alone (Fig. 6 ). This similarity gives added 470 confidence to the estimated bacterial fractions, despite the rather high uncertainties in estimated 471 mean values (Table S4 ). These findings are encouraging in suggesting  13 C AA as a new, direct 472 approach for quantifying microbial contribution to sedimentary organic matter, and in particular 473 bacterially-derived organic nitrogen. However, further work is also clearly warranted, with higher 474 resolution sampling, and in understanding how shifts in 2014a). In terms of the methodological issues of analyzing sedimentary  13 C AA , we found that 478 purification did not alter 13 C AA values except that Asx showed an enrichment of approximately 2 479 ‰. In our case, Asx was not informative of degradation processes and the 2 ‰ fractionation was 480 therefore of no concern to this study. That said, it will be important to continue the method 481 development of purifying complex samples to ensure that isotope effects are completely 482 eliminated. 483 We did compare our results with the DI index, a commonly used degradation proxy based 484 on molar amino acid composition (Dauwe and Middelburg, 1998; Dauwe et al., 1999) . The finding 485 of weak correlation between the DI index and the  13 C AA based proxy seem somewhat surprising. 486
However, the range in DI values in this core is relatively modest, and there is no consistent trend 487 of increasing DI index with sediment depth throughout the core (Table 3 ). This may be consistent 488 with a low oxygen -high preservation environment, suggesting that DI index values could be 489 related mainly to the sources and deposition of individual sediment horizons, as opposed to 490 further change downcore. Ultimately, however, the apparent decoupling of these two parameters 491 likely points to our currently limited mechanistic understanding of many commonly applied 492 diagenetic parameters. The DI index is an operational parameter, developed based on multivariate 493 analysis of changes in amino acid molar composition between different samples with a-priori 494 assumed differences in degradation state (Duawe et. al., 1998) . However, such molar changes 495 could arise equally from selective degradation of autotrophic amino acids, or from addition of new 496 bacterial biosynthate, or even from changes in amino acid pool that can be liberated by acid 497 hydrolysis. The  13 C AA estimates of bacterial contribution, in contrast, reflect mostly essential 498 amino acids synthesized by heterotrophic bacteria. Overall, coupling such parameters in future 499 13 work may offer major new opportunities to more fully understand mechanistic basis of 500 sedimentary organic matter preservation. We also note that future research is needed in terms of 501 understanding the resistance of proteinaceous sediment material to acid hydrolysis. To answer 502 this question, it will be particularly important quantifying proteinaceous vs. non-proteinaceous 503 fractions of organic nitrogen in the sediment (Keil et al., 2000) . The single study to date directly 504 comparing stable isotope values of bulk sedimentary nitrogen vs. the hydrolyzable proteinaceous 505 amino acid pool suggests that the non-proteinaceous fraction of organic nitrogen is substantial 506 (Batista et al, 2014 ). 507
It is also possible that degradation and resynthesis of amino acids in the water column 508 could have shaped the  13 C AA patterns we observed in sediments. The proportion of amino acids 509 degraded in the water column is usually large; for example, Lee and Cronin (1982) found that in 510 the Peruvian upwelling region amino acid nitrogen declined from 75 to 90 % in fresh plankton to 511 10-30 % in the surface sediment. However, whether such degradation is predominantly due to 512 amino acid removal, or if water column degradation also introduces significant bacterially-513 synthesized amino acids is not as clear. Lomstein et al. (2006) found for Chilean coastal upwelling 514
areas that a large fraction of their measured D-amino acids in the sediment derived from diatom 515 empty cell sacs and cell wall fragments, including peptidoglycan. The fact that these remains 516 persisted in the sediment after cell death indicates that microbial degradation of diatom remains 517 that reached the sea floor was relatively modest. Sinking particles caught in sediment traps usually 518 have overall "fresh" biochemical signatures, relatively unaltered isotopic signatures (e.g. Cowie 519
and Hedges, 1994; Hedges et al., 2001 ). Subsurface suspended POM, in contrast, often undergoes 520 dramatic shifts in bulk N isotope signatures with depth consistent with microbial alteration (Zhang 521 and Altabet, 2008), and also has typically older  14 C ages (Druffel et al., 1996 contributed substantially to amino acids preserved in oldest sediments. The correlation in our 537 study between sediment age and bacterial amino acid contribution supports the idea of 538 progressive accumulation of bacterial SOM, even in extremely well preserved sediments (Fig. 6 ). 539
While the multivariate analysis showed that high total organic carbon content was also associated 540 with less bacterial-like  13 C AA patterns ( Thalassiosira weissflogii (28 samples) across ten different treatments. The "non-normalized" 926 boxplots represent absolute differences in  13 C values (as shown in Fig. 1 ) and the 927 "normalized" boxplots represent differences for significance levels (one-way ANOVA); the "-" symbol signifies that the given sample was 937 omitted from the test due to missing replicates. See Table 1 Lys and Leu, show a similar trend of increasing values as a funtion of sediment depth (or 960 age). While organic carbon content can explain some of the co-variation of  13 C Lys-Leu (Table  961 4), sediment depth is the most influencial parameter for explaining the increasing values. 
